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ABSTRACT: Isonitrile natural products exhibit promising anti-
bacterial activities. However, their mechanism of action (MoA)
remains largely unknown. Based on the nanomolar potency of
xanthocillin X (Xan) against diverse difficult-to-treat Gram-negative
bacteria, including the critical priority pathogen Acinetobacter
baumannii, we performed in-depth studies to decipher its MoA.
While neither metal binding nor cellular protein targets were
detected as relevant for Xan’s antibiotic effects, sequencing of
resistant strains revealed a conserved mutation in the heme
biosynthesis enzyme porphobilinogen synthase (PbgS). This
mutation caused impaired enzymatic efficiency indicative of reduced
heme production. This discovery led to the validation of an
untapped mechanism, by which direct heme sequestration of Xan
prevents its binding into cognate enzyme pockets resulting in uncontrolled cofactor biosynthesis, accumulation of porphyrins, and
corresponding stress with deleterious effects for bacterial viability. Thus, Xan represents a promising antibiotic displaying activity
even against multidrug resistant strains, while exhibiting low toxicity to human cells.

■ INTRODUCTION

Natural product antibiotics are evolutionarily optimized to hit
the soft spots of bacterial viability. Several of these potent
drugs have been brought into the clinic in the middle of the
20th century but today suffer from the development of
multidrug-resistant bacteria.1 This situation is exacerbated by a
limited scope of cellular targets and adapted bacteria bearing
multiple resistance strategies.2,3 Thus, bioactive compounds
with completely new structures and unprecedented mecha-
nisms of action (MoAs) are urgently required. A wealth of
diverse natural product scaffolds with antibacterial activity have
been identified in the “golden age” of antibiotic discovery.
However, their mechanistic and biological characterization is
still in its infancy. Thus, the systematic mining of these
neglected structures for novel MoAs represents an untapped
source of new drugs, going beyond current antibacterial
discovery programs mainly focused on synergistic antibiotic
combinations or on optimizing existing antibiotic scaffolds.2,4,5

The situation gets even worse when looking at Gram-negative
bacteria, such as Pseudomonas aeruginosa and Acinetobacter
baumannii, which pose a particular threat owing to their dual-
membrane envelope that prevents many antibiotics from
accessing their targets.6 Despite considerable effort, no new
class of antibiotic has been approved for Gram-negative
pathogens in over 50 years.7,8

One source of potent antibacterial candidates are isonitrile
(also termed isocyanide) natural products which were first
discovered by the isolation of xanthocillin X (Xan) from
Penicillium notatum in 1948.9−11 Thus far, about 200 members
of this class have been identified from diverse sources,
including fungi (e.g., Xan), bacteria (e.g., SF2768), and
sponges (e.g., kalihinol A, axisonitrile-3) (Figure 1A), many
of them structurally related to Xan.12−16 Isonitrile containing
natural products combine unexploited functionality with broad
spectrum activity against bacteria, viruses, fungi, and para-
sites9,12−19 as well as low human toxicity,5,18 thus representing
an auspicious compound class for drug discovery. For instance,
MDN-0057 is known to be active against Gram-negative
bacteria such as A. baumannii, ranked as a critical pathogen
with the highest priority according to the WHO.5,20 Further, it
was shown that secondary and tertiary isocyanides exhibit
metabolic stability, making the isonitrile a promising
pharmacophore in the discovery and development of novel
antimicrobial drugs.5,21 Despite these features, little is known

Received: December 4, 2020
Published: January 20, 2021

Research Articlehttp://pubs.acs.org/journal/acscii

© 2021 The Authors. Published by
American Chemical Society

488
https://dx.doi.org/10.1021/acscentsci.0c01621

ACS Cent. Sci. 2021, 7, 488−498

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ines+Hu%CC%88bner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justin+A.+Shapiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jo%CC%88rn+Ho%C3%9Fmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Drechsel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+M.+Hacker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+N.+Rather"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dietmar+H.+Pieper"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dietmar+H.+Pieper"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+M.+Wuest"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+A.+Sieber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscentsci.0c01621&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01621?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01621?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01621?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01621?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01621?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acscii/7/3?ref=pdf
https://pubs.acs.org/toc/acscii/7/3?ref=pdf
https://pubs.acs.org/toc/acscii/7/3?ref=pdf
https://pubs.acs.org/toc/acscii/7/3?ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c01621?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
https://pubs.acs.org/page/policy/authorchoice/index.html


about their MoA, which is an indispensable step in drug
discovery and lead optimization. So far, binding to transition
metals (e.g., Fe, Cu), either directly or complexed in heme, has
been associated with isonitrile bioactivity. For example, terpene
isonitriles were shown to exert their antiplasmodial activity by
binding to heme and thus inhibiting the parasite’s vital heme
detoxification processes.22 In addition, the copper chelating
ability of SF2768 was linked to antibacterial activity.23

However, a comprehensive approach for the identification of
cellular targets and mechanisms of this compound class is still
missing.24,25

Here we chose Xan as a representative compound for the
isonitrile class to decipher its MoA. An initial broad
antibacterial screen revealed Xan as most active against A.
baumannii, with a minimum inhibitory concentration (MIC) in
the nanomolar range. Unexpectedly, chemical proteomic and
genomic studies revealed sequestration of cellular regulatory
heme as the main target pathway. Heme binding assays,
quantification of regulatory heme, and full proteome analysis
point to an unprecedented MoA based on dysregulated heme
biosynthesis with catastrophic effects for cell physiology.

■ RESULTS

Antibacterial Screen. Despite numerous studies on Xan
biosynthesis,26,27 a quantitative evaluation of its antibiotic
properties against diverse bacterial species, such as clinically
relevant pathogens A. baumannii and Klebsiella pneumonia, is
lacking.9,28 Thus, prior to mechanistic studies we evaluated the
antibiotic scope of Xan against a panel of Gram-positive and
Gram-negative strains. Synthesis of Xan commenced according
to published procedures and subsequent screening revealed a
broad spectrum bioactivity of Xan against nearly all strains
tested with the notable exception of enterococcal species
(Table 1).29

Xan killed methicillin-sensitive (MSSA) and methicillin-
resistant (MRSA) Staphylococcus aureus reference strains as
well as Gram-negative pathogens such as P. aeruginosa, K.
pneumonia, Escherichia coli, and multidrug resistant (MDR) A.
baumannii AB5075 in the low micromolar range. Strikingly,
Xan exhibited activity against A. baumannii ATCC19606 and
ATCC17989 in the nanomolar range. Based on the potent
activity against a critical priority pathogen, we selected A.
baumannii as a surrogate for stepwise in-depth mechanistic
studies focusing on metal, protein, and cofactor binding.

Cu2+ Binding Is Not the Main Driver of Antibiotic
Activity. We commenced our MoA analysis with metal

Figure 1. Structures of naturally occurring isonitriles and metal binding ability of Xan. (A) Structures of natural products Xan,9 axisonitrile-3,15

kalihinol A, and SF2768.14,17 (B) Fluorescence titration of Xan (12.5 μM) with various metals. The data represent average values ± s.d. of
independent experiments (n = 3 per group). (C) Synthesis of XanDME by methylation of Xan. (D) MICs of Xan and XanDME in A. baumannii
ATCC17978 wt and A. baumannii ATCC17978 ΔadeB ΔadeJ,31 a knockout strain of two efflux pumps (adeB, adeJ). MICs were determined in n =
3 independent experiments.

Table 1. Activity of Xan against Pathogenic Bacteriaa

strain MIC (μM)

Acinetobacter baumannii ATCC19606 0.25−0.5
Acinetobacter baumannii ATCC17978 0.25−0.5
Acinetobacter baumannii AB5075 (MDR) 1
Escherichia coli K12 1
Escherichia coli 536 1
Escherichia coli UTI89 1
Pseudomonas aeruginosa DSM 22644 (PAO1) 3
Klebsiella pneumonia DSM 30104 3
Salmonella typhimurium LT2 3
Salmonella typhimurium TA98 1
Salmonella typhimurium TA100 1
Staphylococcus aureus NCTC 8325 (MSSA) 3
Staphylococcus aureus Mu50 (MRSA) 1
Staphylococcus aureus USA300 (MRSA) 3
Listeria monocytogenes EGD-e 1
Enterococcus faecium DSM 17050 (VRE) >10
Enterococcus faecalis V583 (VRE) >10

aMICs were determined in n = 3 independent experiments.
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binding assays. Isonitrile SF2768 has been shown to bind
copper in bacteria leading to a decrease of the free metal
concentration and corresponding disorders in certain copper-
dependent enzymatic processes.23 In order to test if Xan
exhibits a similar MoA, we performed metal−ligand
fluorescence titration using various metals of physiological
relevance (Cu(II), Fe(II), Fe(III), Ni(II), Co(II), Mn(II),
Al(III), Zn(II), and Mg(II)).30 In fact, these assays confirmed
an exclusive binding of Xan to Cu(II) (Figure 1B). In contrast,
synthesis and testing of xanthocillin dimethyl ether (XanDME,
Figure 1C), a naturally occurring derivative, did not reveal a
significant interaction with Cu(II), suggesting an important
role of the two hydroxy groups for metal binding under our
experimental conditions (Supplementary Figure 1). Impor-
tantly, while XanDME lost its bioactivity (MIC > 16 μM)
against A. baumannii ATCC17978, its MIC against A.
baumannii ATCC17978 ΔadeBΔadeJ,31 a knockout strain of
two efflux pumps (adeB, adeJ), was retained with comparable
potency to Xan (Figure 1D). This suggests that the loss of
activity of XanDME against wild type (wt) A. baumannii is
predominantly attributed to a higher efflux rate and that Xan’s
copper chelating ability is likely not the major contribution to
antibacterial activity.

Protein Target Identification by Chemical Proteo-
mics. As the majority of antibiotics target proteins,3 the
second step of our MoA analysis involved chemical proteomics
to identify the proteins bound to Xan in A. baumannii
ATCC19606 as well as E. coli K12, the best-studied Gram-
negative pathogen, as a reference. We thus synthetically
equipped Xan with either an alkyne tag or with a dual diazirine
photo-crosslinker-alkyne tag, required for activity-based
protein profiling (ABPP) or affinity-based protein profiling
(AfBPP), respectively (Figure 2A, Supplementary Figure
2).32,33 Satisfyingly, the resulting xanthocillin probe (XP)
and xanthocillin photoprobe (XPP) exhibited only a slight
increase in MICs of about 3−12-fold compared to Xan (Figure
2B). To unravel the identity of the covalently targeted proteins,
we performed quantitative gel-free and label-free ABPP
analysis.34 Either intact E. coli or A. baumannii cells were
incubated with 3 μM (MIC concentration) XP for 2 h. After
cell lysis, labeled proteins were clicked to biotin azide, enriched
on avidin beads, and analyzed via mass spectrometric (liquid
chromatography−tandem mass spectrometry (LC-MS/MS))
analysis. To exclude unspecific avidin binding, we included a
dimethyl sulfoxide (DMSO) control. In order to confirm that
XP and Xan address the same binding sites, we performed

Figure 2. Target identification by chemical proteomic profiling in E. coli and A. baumannii. (A) Schematic experimental workflow for target
identification by ABPP and AfBPP. Intact cells were treated with a probe or DMSO (as control), irradiated with UV light (only for XPP (AfBPP)),
lysed, and the labeled proteins clicked to biotin azide. After enrichment on avidin beads, the proteins were enzymatically digested and analyzed by
LC-MS/MS measurements. (B) Structures of Xan, XP, and XPP with corresponding MICs in E. coli K12 and A. baumannii ATCC19606. MICs
were determined in three independent experiments. The MIC of XPP in E. coli K12 was not determined (n.d.).(C) ABPP experiment using XP in
E. coli K12. The volcano plot shows enrichment of proteins after treatment of E. coli cells with XP (3 μM) compared with DMSO on a log2 scale.
The vertical and horizontal threshold lines represent a log2 enrichment ratio of 2 and a −log10(P value) of 2 (two-sided two-sample t-test, n = 4
independent experiments per group), respectively. (D) Table that allocates proteins above the set threshold from the ABPP experiments. Three
essential gene databases for E. coli K12 were used to determine essentiality. Protein encoded by gene yf f S was not outcompeted by Xan
(Supplementary Figure 3) and was thus not considered as a target of Xan.35−37
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competitive labeling, in which we pretreated either E. coli or A.
baumannii cells with excess of Xan (30 μM) before XP was
added. Enrichment of several proteins by XP in both strains
indicated substantial covalent binding (Figure 2C, Supple-
mentary Figure 4A). Additionally, competitive labeling led to a
significant decrease of enriched proteins (Supplementary
Figures 3A and 4B). Proteins were further considered as
targets only if they were enriched by XP and outcompeted by
Xan. All proteins that fulfilled these criteria in A. baumannii
and E. coli exhibit nonessential cellular functions (Figures 2D,

Supplementary Figure 3B, and 4C).35−38 Comparison between
hits of both strains revealed catalase-peroxidase (CAT, katG)
as the only overlapping target protein, which we cloned and
overexpressed for a closer inspection. While gel-based labeling
of recombinantly expressed and purified A. baumannii CAT
(AbCAT; UniProt ID: D0CAQ1) and E. coli CAT (EcCAT;
UniProt ID: P13029) validated a covalent binding mode
(Supplementary Figure 5), no impact of Xan on the enzyme
activity was observed, excluding it as a relevant molecular
target (Supplementary Figure 6). As noncovalent targets could

Figure 3. Analysis of Xan-resistant mutants and full proteome analysis of Xan-treated A. baumannii. (A) Sequence analysis of Xan-resistant isolates.
Three colonies from each independent experiment were sequenced and compared to three colonies of the negative control. Mutations are ordered
according to the recently published genome sequence of A. baumannii ATCC19606 (CP045110, chromosome, and CP45108 plasmid
p1ATCC19606). Space between locus tags was omitted, if adjacent genes were mutated. (B) Activity assay of PbgS(wt) and PbgS(P241S). All data
represent mean values ± s.d. of averaged duplicates of independent experiments (n = 3 per group). (C) Full proteome analysis of Xan-resistant
colonies compared to A. baumannii wt. The volcano plots show the change of protein levels on a log2 scale. The vertical and horizontal threshold
lines represent a log2 change of 1.6 and −1.6 and a −log10(P value) of 2 (two-sided two-sample t-test, n = 4 independent experiments per group),
respectively. Black circle represents proteins up- or downregulated consistently in all three colonies. Violet, blue, and orange dots represent proteins
involved in protection against oxidative stress, biofilm formation, and acetoin metabolism, respectively.44−47 Green and gray dots represent proteins
that belong to the resistance-nodulation-division (RND) transporter family and other categories, respectively.48 (D) Venn-diagrams showing
consistently up- and downregulated proteins in all three colonies that are above the set thresholds of full proteome analysis (C). (E) Full proteome
analysis of Xan-treated A. baumannii wt. The vertical and horizontal lines represent a log2 change of 1 and −1 and a −log10(P value) of 2 (two-sided
two-sample t-test, n = 4 independent experiments per group), respectively. (F) Table that allocates proteins above the set threshold of full
proteome analysis (E).
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be involved in Xan’s MoA, we performed AfBPP in A.
baumannii. Intact cells were incubated with 3 μM of XPP,
irradiated with ultraviolet light to form a covalent linkage with
the putative target protein, lysed, clicked to biotin azide,
enriched and analyzed via LC-MS/MS. Again, no essential
proteins were among the enriched hits (Supplementary Figures
7 and 8) suggesting a largely proteome-independent MoA.
Xan-Resistant A. baumannii Mutants Reduce Heme

Levels. With a lack of evidence for metals or proteins being
involved in Xan’s MoA, we sought to generate resistant
mutants for sequencing of altered cellular targets, a common
approach to investigate an antibiotic MoA.24 While attempts to
generate resistant colonies by spontaneous mutation on agar
plates failed, repeated passaging of A. baumannii in the
presence of different compound concentrations (0.25−4×
MIC) was successful after 11 days. Although Xan exhibited a
drop in antibacterial activity after a few passages, the resistance
development of the control antibiotic ciprofloxacin was
significantly faster (Supplementary Table 1). The slower
resistance formation compared to standard antibiotics is in
accordance with a previous study that treated staphylococci
with sub-MICs of Xan for 240 days, which failed to produce
any resistant strains.9 Whole-genome sequencing of three

mutants each from three independent experiments and three
colonies of the negative control unveiled that only the gene
hemB encoding the enzyme porphobilinogen synthase (PbgS)
was consistently mutated in response to Xan but not upon
DMSO treatment (Figure 3A). Intriguingly, a single missense
mutation within hemB, leading to amino acid change P241S,
was constantly found in all nine resistant colonies. PbgS is an
essential enzyme in A. baumannii that catalyzes the first
common step in the biosynthesis of all tetrapyrroles.38,39

Sequence alignment clearly illustrated the mutation being close
to the active site (Supplementary Figure 9).
To evaluate the impact of this mutation on the enzyme

activity, we cloned PbgS(wt) and PbgS(P241S) into expression
vectors. All attempts to purify the recombinant proteins failed
due to aggregation (Supplementary Discussion 1, Supplemen-
tary Figure 10). Satisfyingly, direct transformation of A.
baumannii ATCC19606 with tag free plasmids pVRL2-
abhemBwt and pVRL2-abhemBP241S resulted in soluble proteins
and active PbgS(wt) upon arabinose induction.40 Additionally,
label-free LC-MS/MS analysis revealed a comparable amount
of overexpressed wt and mutant protein in cell lysates
(Supplementary Figure 11B), which wereused for the activity
assays. In order to subtract the basal activity of the native

Figure 4. Validation of Xan’s binding to heme and the cellular consequences. (A) UV−vis spectra of hemin (20 μM) with DMSO (black), Xan (20
μM, light green and 40 μM, dark green), resveratrol (Res) (20 μM, light violet and 40 μM, dark violet) in 200 mM HEPES (pH 7.0). Data
represent averaged technical duplicates, and the figure is representative of n = 3 independent experiments. Supplementary Figure 12A contains the
structure of Res. (B) Inhibition of the GSH-mediated destruction of hemin by Xan. Values represent mean ± s.d. of averaged triplicates of
independent experiments (n = 3) and normalized to the DMSO-treated control. (C) In vitro activity assay of reconstituted holoHRP in the
presence of various concentrations of Xan. Hemin (5 nM) was preincubated with either Xan (green bars) or apoHRP (light gray bars, 5 μM)
followed by addition of apoHRP or Xan, respectively, and activity of holoHRP was subsequently measured. Averaged technical duplicates were
normalized to the respective DMSO-treated samples and values represent mean ± s.d. of independent experiments (n = 3). (D) Reconstitution
activity assay of holoHRP in A. baumannii cell lysate after treatment of intact cells with various concentrations of Xan for 30 min. ApoHRP (final
concentration 10 μM) was added to cell lysates and activity of holoHRP was measured. Averaged technical quadruplicates were normalized to the
respective DMSO-treated samples and values represent mean ± s.d. of independent experiments (n = 3). Noteworthy, at low concentrations of Xan
a higher activity, both in vitro and in intact A. baumannii, was observed for unknown reasons (Supplementary Figure 12F and G). (E) Detection of
accumulated porphyrins by fluorescence spectroscopy. Intact A. baumannii ATCC19606 were incubated with Xan (1 μM) for 1 h. After cell lysis,
porphyrins were extracted, and fluorescence spectra were recorded (λex = 406 nm, Supplementary Figure 13A). Data represent mean values ± s.d.
of fluorescence intensities (λex = 406 nm, λem = 612 nm) of independent experiments (n = 6). (F) Protective effect of thiourea (TU) on Xan-
treated A. baumannii ATCC19606. DMSO (gray bars), TU (150 mM, yellow bars), Xan (4 μM, green bars), TU (150 mM), and Xan (4 μM, blue
bars) were added to A. baumannii ATCC19606 and cells were incubated for 24 h. After 0 and 24 h viable cells (CFU/mL) were determined in
quadruplicates. Data represent mean values ± s.e.m of n = 4 (DMSO), n = 3 (Xan), and n = 2 (TU, TU and Xan) independent experiments.
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PbgS(wt), A. baumannii wt lysate was included as control.
Determination of the Michaelis−Menten constant Km of 153
μM for PbgS(wt) toward the substrate 5-aminolevulinic acid
(5-ALA) was in line with literature data of homologous
proteins.41−43 Importantly, PbgS(P241S) was still active albeit
with a 37-fold increase in Km (5670 μM) indicating that the
mutation resulted in a significant drop in affinity for 5-ALA
(Figure 3B) and consequently in enzyme efficiency (see
Supplementary Discussion 2). In order to investigate if PbgS is
a direct target of Xan, we preincubated the wt enzyme with the
compound and determined the residual activity. No inhibitory
effect was observed under the tested conditions, corroborating
our chemical proteomic data, in which this protein was also not
significantly enriched (Supplementary Figure 11A). Thus, the
consistent mutation of this essential heme biosynthesis enzyme
throughout all resistant mutants conceivably affects the
tetrapyrrole biosynthesis rather than directly influencing target
binding of Xan. To examine these consequences in more detail
on the cellular level, we compared the mutant strains to A.
baumannii wt in a full proteome analysis. A. baumannii wt and
three mutants (A-3, B-3, and C-3) were grown in the absence
of Xan until reaching the mid-exponential phase (OD600 of
2.0) and subsequently harvested for label-free LC-MS/MS
analysis (Figure 3C). All three mutants showed a high overlap
of upregulated proteins (Figure 3D). Among those, proteins
involved in protection against oxidative stress (catalase, two
heme-oxygenase like proteins44), biofilm formation (e.g.,
protein CsuC/E, spore coat protein U domain protein45,46),
acetoin metabolism (e.g., TPP-dependent acetoin dehydrogen-
ase complex47) and efflux transporters (RND transporter,
efflux transporter (RND family)48) were upregulated (Supple-
mentary Table 2 and 3). The upregulation of two heme
oxygenase-like proteins in all mutants was noteworthy as these
enzymes catalyze the degradation of heme. In combination
with an impaired porphobilinogen synthesis via mutated PbgS,
their increased expression is suggestive of a need to reduce
heme levels during resistance formation to Xan. Reduced heme
levels are known to limit electron flow in the electron transport
chain and thus might shift metabolism from respiration to
fermentation.49 A. baumannii is considered to be a strict
aerobe; however, a recent paper showed first evidence of the
survival of A. baumannii under anaerobic conditions.50 This is
in agreement with the upregulation of enzymes metabolizing
acetoin, a major fermentation product in bacteria.51 In a
complementary experiment, we investigated the direct effects
of Xan on heme biosynthesis by comparing the full proteomes
of treated and untreated A. baumannii. Cells were grown in the
presence of either 125 nM Xan (0.5× MIC) or DMSO and
harvested in mid-exponential phase (OD600 of 2.0). Interest-
ingly, a putative proton/sodium glutamate symport protein
showed highest upregulation (>3-fold) via LC-MS/MS
analysis (Figure 3E and F, Supplementary Table 4).52 In
bacteria, glutamate is needed to generate 5-ALA, a precursor of
heme. Upregulation of this symporter hints at an increased
demand for glutamate and thus at an enhanced heme
biosynthesis in the presence of Xan. Furthermore, increased
expression of two TonB-dependent siderophore receptors,
transporting ferric chelates, suggests an elevated demand for
iron uptake, the substrate for the last step of the heme
biosynthesis.53 Taken together, the full proteome analysis of
Xan-resistant and Xan-treated A. baumannii points toward
elevated heme production under antibiotic treatment and a

consequent attenuation of heme biosynthesis as a resistance
strategy.

Xan Binds to Heme in Vitro. The observed effect of Xan
on heme biosynthesis, independent of protein binding, can be
consolidated via a direct interaction of isonitriles with the
heme cofactor. Despite a lack of comprehensive data, a
previous report showed that the binding of different isonitrile
compounds affected the spectral characteristics of oxidized
heme (hemin), which was further linked to antimalarial
activity.22 Elucidating this hypothesis in more detail, we
examined the effect of Xan on the visible absorption spectrum
of hemin. In aqueous buffer (pH 7), hemin exhibits a Soret
absorption band with a peak at 390 nm. After addition of Xan,
the Soret band is red-shifted to 438 nm and a peak at 550 nm
appears in a concentration dependent manner (Figure 4A).
This alteration of the absorbance spectrum highlights a direct
interaction of hemin with Xan. As a control we included
resveratrol (Res), a molecule structurally highly similar to Xan
but without isonitrile groups (Supplementary Figure 12A).
The lack of binding emphasizes the relevance of isonitriles for
productive interactions with hemin. XP and XanDME show
similar alteration of the absorbance spectrum of hemin,
indicating that the hydroxyl groups are not involved in the
interaction with hemin (Supplementary Figure 12C and D). In
order to investigate whether Xan binds to iron in hemin a
UV−vis spectrum of protoporphyrin IX (PPIX), iron-free
hemin, with and without the addition of Xan was recorded.
Since no change in the spectrum was observed after addition of
Xan, an interaction between Xan and iron can be assumed
(Supplementary Figure 12B). Interestingly, complexation by
Xan or XanDME effectively prevented glutathione (GSH)-
mediated hemin degradation in a dose dependent response and
even equimolar amounts of these compounds were sufficient to
fully block hemin degradation (Figure 4B, Supplementary
Figure 12E).22,54

Xan Reduces Effective Regulatory Heme Level. In
cells, heme serves as the prosthetic moiety of many
hemoproteins that are involved in essential biological functions
including oxygen binding and metabolism (e.g., hemoglobin
and oxidases) and electron transfer (e.g., cytochromes).55 In
addition, heme acts as a regulator for specific proteins (heme-
responsive proteins) by binding in an on/off mechanism to the
heme regulatory motif. It is believed that heme-responsive
proteins are regulated by free heme, heme from low affinity
heme-binding proteins, or newly synthesized heme, which we
will collectively refer to as regulatory heme (RH).56 Given the
coordination of Xan to heme, it is conceivable, that Xan may
unbalance heme's fine-tuned regulatory role in cells and
reduces levels of RH. To inspect RH levels, we applied a
colorimetric assay based on horse radish peroxidase (HRP) in
its cofactor free form (apoHRP), which after reconstitution
with RH becomes active holoHRP.56 The utility of this assay
was tested via preincubation of hemin with increasing
concentrations of Xan in PBS prior to the addition of apoHRP
(5 μM). Decreasing HRP activity with increasing concen-
tration of Xan clearly showed that Xan’s binding to hemin
prevents reconstitution of holoHRP (Figure 4C, green bars). A
direct inhibition of holoHRP by Xan was excluded via
preincubation of apoHRP with hemin prior to addition of
Xan. No drop in activity even at high concentrations of Xan
was observed (Figure 4C, gray bars). Next, we applied the
HRP assay to intact A. baumannii cells and measured
intracellular RH after treatment with either Xan or DMSO
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for 30 min. Upon cell lysis, we detected a clear decrease of RH
levels with increasing concentration of Xan (Figure 4D). These
results show that Xan effectively sequesters heme and thereby
limits the ability of hemoproteins to acquire this crucial
cofactor. As a consequence, their physiological metabolic
function is impaired, as shown for HRP.
In addition, heme controls its own synthesis via binding to

glutamyl-tRNA reductase (GtrR) by an allosteric feedback
mechanism.57 This feedback control, which may also be
impaired, is essential to the viability of cells as excess of heme
is highly toxic to cells.
Reduced Regulatory Heme Level Leads to Accumu-

lation of Porphyrins. Uncontrolled heme biosynthesis
induced by impaired feedback inhibition would lead to
enhanced tetrapyrrole levels. To validate this hypothesis, we
fluorescently quantified porphyrin intermediates using an
established protocol.58−60 A. baumannii was incubated with
either Xan or DMSO for 1 h, porphyrins were extracted from
cell lysate and fluorescence spectra subsequently measured (λex
= 406 nm) (Supplementary Figure 13A). In accordance with
enhanced heme biosynthesis, the fluorescence signal of Xan-
treated A. baumannii was significantly increased (Figure 4E)
demonstrating accumulation of fluorescent porphyrins. In-
triguingly, incubation of A. baumannii with Xan for an
elongated time of 4 h led to a brown-red colored pellet,
highlighting the dramatic extent of dysregulated porphyrin
production (Supplementary Figure 13B). Accumulation of
porphyrins is known to generate reactive oxygen species
(ROS) with deleterious effects on bacterial viability.61 Thus,
the biological effect of elevated porphyrin levels was

investigated via time-kill experiments to explore if the addition
of a ROS scavenger is able to counterbalance Xan’s antibiotic
activity.62 A. baumannii treatment with 4 μM Xan eliminated
all bacteria within 24 h (Figure 4F). Interestingly, addition of
thiourea (TU) overrode the bactericidal effect of Xan,
indicating that cell death is induced by ROS, which in turn
is presumably caused by porphyrin accumulation.

Xan Shows a Synergistic Effect with Gentamicin.
Synergistic combination of two antimicrobial agents is
generally an effective strategy to fight resistance.4 The activity
of aminoglycoside antibiotics, e.g., gentamicin (Gen), has
previously been shown to be influenced by altered heme
biosynthesis.49,63,64 Thus, we determined fractional inhibitory
concentrations (FICs) in A. baumannii ATCC19606 (Gen-
sensitive) and A. baumannii AB5075 (Gen-resistant65) using
checkerboard assays. In fact, Xan potentiated the activity of
Gen against both strains with FIC indices in the range of
0.3125−0.375 (Supplementary Table 5). This means that, in
Gen-resistant A. baumannii AB5075, 0.25× MIC of Xan
increased the susceptibility of Gen from 800 to 50−100 μM. In
line with published data, Xan did not show any significant
toxicity in human cells up to its solubility limit of 10 μM
highlighting a suitable therapeutic window for single or
combination treatment (Supplementary Figure 14).9,18,28

■ DISCUSSION
The current antibiotic crisis demands unconventional solutions
including a renewed consideration of potential antibiotic
targets and alternate therapeutic strategies, for which new
pharmacophore structures are desperately needed.7,8 One

Figure 5. Dysregulation of heme biosynthesis by Xan. Hypothesis of Xan’s MoA is based on experimental evidence within this study. Full proteome
analysis of Xan-treated A. baumannii revealed a putative proton/sodium-glutamate symport protein GltT as well as two TonB-dependent
siderophore receptors as significantly upregulated proteins pointing to enhanced demand for heme biosynthesis substrates, glutamate and iron.
Extraction of porphyrins of Xan-treated A. baumannii validated the accumulation of tetrapyrroles. UV−vis spectrum showed an interaction between
hemin and Xan. Further, reconstitution assay using apoHRP let us conclude that complex formation of Xan with hemin leads to a reduced effective
level of RH and thus to an impaired regulatory role of heme. Conceivable consequences are the inability of hemoproteins to acquire heme for their
normal metabolic function or uncontrolled biosynthesis by hampered feedback inhibition. In-depth analysis of Xan-resistant isolates showed a
shared amino acid mutation P241S in PbgS that leads to a significant drop in enzyme efficiency and thus counteracts the upregulation by Xan.
Further, Xan-resistant colonies upregulate heme degrading enzymes (heme oxygenases) as well as proteins involved in biofilm formation, RND
transporters, and acetoin metabolism. Abbreviations include the following: TCA, tricarboxylic acid cycle; α-KG, α-ketoglutarate; GluRS (gltX),
glutamyl-tRNA synthetase; GtrR (hemA), glutamyl-tRNA reductase; GsaM (hemL), glutamate-1-semialdehyde-2,1-aminomutase; PbgS (hemB),
porphobilinogen synthase; PpfC (hemH), protoporphyrin IX ferrochelatase. Cellular effects induced by Xan treatment are shown by green arrows,
while effects of resistance formation are indicated by brown arrows.
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source of potent antibacterial candidates are natural products,
such as isonitriles, that combine unique functionality with
bioactivity. As little was known about the MoA of isonitriles,
we chose Xan as a representative compound. Based on the
intriguing activity of Xan against several Gram-negative
pathogens, we initiated a multidisciplinary target analysis in
A. baumannii to unravel its MoA. Recently, copper complex-
ation was postulated as a major mechanism of isonitrile
compounds. However, while we confirmed selective binding of
Cu(II) to Xan, this complexation is likely not the major
contribution to antibacterial activity. In addition, as ABPP and
AfBPP studies only revealed target proteins with nonessential
cellular functions, we concluded an unconventional MoA
beyond the major scope of current antibiotics. Generation of
Xan-resistant mutants finally provided a breakthrough by
identification of PbgS as the only commonly mutated enzyme
among all strains, bearing a P241S modification close to the
active site. Activity assays revealed that the mutated PbgS
exhibits a significantly lower efficiency (kcat/Km) for substrate
5-ALA, suggesting a reduced rate of tetrapyrrole synthesis.
Since inhibition assay excluded PbgS as a direct target of Xan,
whole proteome analysis of Xan-resistant mutants versus wt, as
well as Xan-treated versus DMSO-treated wt A. baumannii,
were performed. Upregulation of a putative proton/sodium
glutamate symport protein as well as TonB-dependent
siderophore receptors in Xan-treated wt bacteria suggests an
enhanced heme biosynthesis, as demonstrated by elevated
cellular porphyrin levels. By contrast, mutant bacteria showed
upregulation of two heme degrading enzymes and acetoin
metabolizing enzymes, suggesting a reduced porphyrin level
and a switch to fermentation. Finally, direct sequestration of
heme by Xan results in an inability of heme-dependent
enzymes to access RH and corresponding reduced RH levels.
How does Xan stimulate heme biosynthesis and kill

bacteria? Taken together, our results consolidate in a MoA,
by which Xan enters bacterial cells and binds to free regulatory
heme (Figure 5). This complexation impairs binding of RH to
essential hemoproteins (as shown in the HRP assay) and
disrupts its regulatory role, including the control of its own
biosynthesis by negative feedback inhibition.57 As a con-
sequence, uncontrolled heme biosynthesis leads to elevated
porphyrin levels (spectroscopic analysis) which demands
enhanced uptake of precursors (upregulation of glutamate
symporter and TonB-dependent siderophore receptors).
Negative effects of this dysregulation for viability are manifold.
On one hand, essential hemoproteins such as enzymes
involved in the electron transport chain (e.g., succinate
dehydrogenase cytochrome b556 subunit, cytochrome bo3
ubiquinol oxidase subunit)66 cannot carry out their biological
function due to the lack of their functional cofactor. On the
other hand, elevated porphyrin levels induce deleterious ROS
(scavenger assay). Another conceivable consequence is that the
higher demand for glutamate, caused by the upregulated heme
biosynthesis, leads to a glutamate deficiency within bacteria. As
a result, bacteria counteract this pressure by a single mutation
in a regulatory enzyme of heme biosynthesis, PbgS, catalyzing
the formation of porphobilinogen from 5-ALA. This mutation
causes a significant slow-down of the production rate which,
together with the expression of heme-degrading enzymes, is
sufficient to balance the effects of Xan on RH. As these levels
might be insufficient to supply the electron chain with
cofactors, the cell switches to fermentative metabolism, as
indicated by the upregulation of acetoin metabolizing enzymes.

Of note, while Xan exhibited broad spectrum activity against a
panel of bacteria that rely on heme biosynthesis, two strains,
Enterococcus faecalis and Enterococcus faecium, were insensitive
to treatment. Interestingly, both strains represent natural heme
auxotrophs which rely on heme uptake rather than endogenous
biosynthesis.67

Xan exhibits remarkable activity against Gram-negative
bacteria, a rare trait given the high permeability barrier of
these organisms. While more studies on the mechanism of Xan
uptake are needed in future experiments, we already showed
that methylation of the free alcohols of Xan abolished
antibiotic activity by efflux. Thus, unique structural features,
potent broad-spectrum antibacterial activity, limited toxic-
ity,9,18,28 and an unprecedented MoA highlight Xan as a
promising starting point for further development and
emphasize the potential of yet unexplored isonitriles.13,68
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(1) Cassini, A.; Högberg, L. D.; Plachouras, D.; Quattrocchi, A.;
Hoxha, A.; Simonsen, G. S.; Colomb-Cotinat, M.; Kretzschmar, M. E.;
Devleesschauwer, B.; Cecchini, M.; Ouakrim, D. A.; Oliveira, T. C.;
Struelens, M. J.; Suetens, C.; Monnet, D. L.; Strauss, R.; Mertens, K.;
Struyf, T.; Catry, B.; Latour, K.; Ivanov, I. N.; Dobreva, E. G.; Tambic
Andrasěvic, A.; Soprek, S.; Budimir, A.; Paphitou, N.; Žemlickova,́ H.;
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